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Abstract 

■ In many extensions of the Standard Model the presence of an extra 

^ , neutral boson, Z', is invoked. A precision study of weak neutral-current 

exchange processes involving only second generation fermions is still 
missing. We propose a search for Z' in muon neutrino associated charm 
production. This process only involves Z' couplings with fermions 
from the second generation. An experimental method is thoroughly 
described using an ideal detector. As an application, the accuracy 
reachable with present and future experiments has been estimated. 
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1 Physics motivation 



Since its experimental confirmation, the Standard Model of electroweak in- 
teractions (SM) has been challenged in all possible directions (see Ref. [j^] 
and references therein) with the aim of finding the signature of new funda- 
mental physics. Although at present there is no clear evidence of any de- 
parture from it, sometimes unexpected deviations show up in experiments, 
for instance the anomalies seen at LEP in Rj, [Q], at HERA at high [^] 
and at Tevatron Consequently ad hoc models are built. However, none 
of these discrepancies has survived to further experimental investigations. 
Recently, in Atomic Parity Violating experiments, a discrepancy from the 
SM prediction has been observed ||5|. This could be explained in terms of 
extra Z bosons Q. 

The existence of Z' boson is foreseen in many extensions of the SM 
and is associated with extra U{1) gauge symmetries. For instance, in the 
symmetry breaking pattern of Eq or SO{W) the Z' boson is contained in 
the low energy extension of the SM-like SU{2)r x SU{2)l x U{1)b-l or 
SU{2)l X U{1) X [/(I), see Ref. 0] and references therein. 

ALEPH and OPAL experiments have put limits on the presence of Z' 
by studying the contribution of new contact interactions in the processes 
e^e~ — > // @. The CHARM H experiment derived constraints on addi- 
tional Z bosons from i/^e — > z^^e scattering measurements Q. These searches 
assume a family independent scheme for the Z' couplings to leptons and 
quarks. Moreover, there exist severe constraints in the first two generations 
on FCNC Z' from Kl — Ks mass splitting and on lepton family violating Z' 
from B{fi ^ 3e). A diagonal Z' strongly coupled to the second family could 
be limited by J/^ — > ix^ ^~ . However, the pure electro-magnetic contribu- 
tion and the hadronic uncertainties weaken this limit. Constraints on a Z' 
which couples differently only to the third generation are somewhat weaker 

i- 

The large mass difference between the top quark and the remaining ones 
has recently suggested a new class of models based on SU{N) x SU{N). In 
this framework the large mass difference can be naturally accommodated as 
well as the well-known phenomenology of weak interactions. Moreover, due 
to the extended gauge interaction the Z' presence in all processes involving 



the third family could be enhanced |10|. 



A precision study of weak neutral-current exchange processes involving 
only second generation fermions is still missing. Therefore, it is mandatory 
to test the SM predictions in this sector. 

In this letter we propose a search for Z' through the measurement 
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of associated charm production induced by Vfj_ neutral-current interactions 
{v^ + N + X + cc). An ideal detector is exploited to perform this mea- 
surement. The importance of such a search is twofold since on one hand this 
performs a further test of SM family universality and on the other hand one 
can check the presence of possible Z' mainly coupled to the second and/or 
third families. It is worthwhile stressing that the proposed search is model 
independent. 

We shall show that present neutrino experiments already constrain ex- 
tensions of the Standard Model. Nevertheless, since neutrino factories could 
become a real perspective for the future, it is conceivable that the new 
generation of z/-experiments will be able to probe new physics with higher 
sensitivity. 



2 Four fermions contact terms and extra neutral 
bosons 

At <^ M'^ the neutral-current effective Lagrangian ruling the associated 
charm production induced by is given by (see for example Ref. and 
references therein for notation) 

= J^/.7"(l - 75)i^M [^l{u) c7„(1 - 75)c + eniu) C7„(l + 75)0] , 

(1) 

where the parameters €l{u) and e/j(n) account for the different coupling of 
left-handed and right-handed up-kind quarks to neutral-current respectively. 
Theoretically these two parameters are very precisely predicted ]|], namely 

ef(n) = 0.3459 ± 0.0002 , e*^(n) = -0.1550 ± 0.0001 . (2) 

Since in the SM the matter-gauge coupling is family independent, the ex- 
perimental determinations of the above parameters (|2|) are obtained by 
looking at processes where the four fermions involved come from first gen- 
eration only or from two different families, as for instance in the ratio 
Rq = a{e~e~^ — > qq)/a{e~ fi~fj.'^). This experimental knowledge, 
which has not yet reached the accuracy of the theoretical predictions, gives 

i 

erH = 0.330 ±0.016 , (n) = -O.lTet^oe > (3) 

which are in 1 o" agreement with theoretical values. Nevertheless pure mea- 
surements of these parameters, with a comparable level of precision, in pro- 
cesses involving only the second family are still missing. 
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The Z' boson presence in the process + N + X + cc can be 

introduced in a model independent way by the effect of four fermion contact 
interactions with new couphngs |[Tl[| . 

Muon neutrinos produced in weak meson decays are left-handed. There- 
fore, the most general SM-like term describing the additional interaction 
is 



rvcc 
'"NP 



Gf ( Ml 



i^A»7"(l - 75)^'/. [r]L C7a(l - 75)C + r]R C7a(l + 75)c] 



(4) 

where NP stands for New Physics, rjji and r]L are the v^ — c new couplings 
and Mzi is the extra boson mass. 

Given the additional contribution, the total effective Lagrangian, D^'^, 
takes the form 



where 



V2 



i^m7"(1 - 75)i^M C7a [ev(c) - eyl(c)75] c 



(5) 
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(6) 



(7) 



and the parameters x and y give the departure from SM predictions. 



3 Present available data on associated charm 
production 

The available data on neutrino associated charm production are scarce. Only 
one event consistent with the neutral-current production of a pair of charmed 
particles has been observed by the E531 Collaboration in an emulsion hybrid 



experiment |12|. This event allowed the determination of the associated 



charm production rate with respect to neutral-current production: 
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No event has been found in charged-current production. Under the assump- 
tion that the primary muon was not identified, the previous result can be 
translated into an upper limit at 90%C.L. on associated charm production 
in the charged-current production of 

(j{v,,N ccuX) ^ , , 

4 Simulation of the process 

The Lagrangian Ci^'^^ defined in equation (|5|) contributes to the process -|- 
N ^ 1^^ + X -\- cc where charm quarks adronize through the gluon exchange 
with the nucleon partons (boson gluon fusion), see figure ||. 




Figure 1: The boson gluon fusion process diagram in i/^ interactions. 



At the relevant values (< 20{GeV/c)'^), the deep inelastic scattering 
phenomenology is very well described by the three flavour scheme (u, d, and 
s), see for example Ref. [13]. This implies that the sea charm-parton com- 
ponent is negligible in this range. Therefore the only process producing 
a cc pair in the final state is the boson gluon fusion. 

In order to simulate the process, we have used the HERWIG event gen- 
erator [14|. It is based on perturbative QCD calculations and provides a 
good description of all available data at LEP and Tevatron |15|j. All final 
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state particles are generated and the cross-section value is also computed. 
An associated charm production rate with respect to the neutral-current 
production of (0.403 ± 0.004)% is predicted by HERWIG. It is consistent 
with the experimental measurement given in Section ^. 



5 Description of the method 

The search presented in this letter exploits the peculiar topology of the as- 
sociated charm production in neutral-current interactions: two charmed 
hadrons in the final state. Consequently, there are no other physical pro- 
cesses which may mimic it. 

Experimentally we are sensitive to the ratio 

R=^ (10) 



which can be written as the product 



^=T^7^x^y^ = -x/ (11) 



where a^f {Z^) is the cross-section of the associated charm production pro- 
cess in interactions in absence of the Z' boson, (^Z^ + Z') includes 
the contribution of the new neutral boson and a'^'^ is the deep inelastic 
charged-current cross-section. 

In the following we assume a 50 GeV mono-energetic beam 0. In 
the following we assume a 50 GeV mono-energetic beam. Under this 
assumption by using the simulation program described in Section ^ the ratio 
/ results to be (1.25 it 0.01) x lO"'*. From equation (11) it is then clear that 
the only relevant contribution is coming from the ratio r. 

If we parameterise the ratio r in terms of the x, y and M^, variables 
defined in Section |2|, the most general expression we get is: 



r(x,y,M|0 = 1+ (^^^ (^i2/ + Six) + 1^^^ {A^y^ ^ B^x^ ^ Cxxy). 

(12) 



^The error is only statistical. 

* The results achievable with a real neutrino spectrum of mean energy <Ev> are rather 
well reproduced by using a simple mono-energetic beam with energy equal to <E,j>. 
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Fitting the data from the simulation with the previous function, the values 
of the coefficients we get are: Ai = 0.1,^2 = 0.003, Si = 0.02,^2 = 0.0007 
and Ci = —0.0002. The fit is valid in the [—30, 30] range for both x and y 
variables. 

In Figure ^ the fitted function r for Mz' = 500 GeV/c^ is shown. 




Figure 2: The ratio r is plotted by assuming 50 GeV energy and M^/ = 
500 GeV/c^. 



The number of observed events, Ns, can be written as 

iVs = iVcc • — • r- (13) 

where Ncc is the number of observed events without the Z' effect, es and 
eb are the reconstruction efficiencies for the events with and without a Z', 
respectively. 

5.1 Measurement accuracy in an ideal detector 

We assume an ideal detector designed to identify charmed mesons and bar- 
ions which travel on average about 1 mm before decaying if produced by 
50 GeV neutrinos. In order to obtain this goal we need a very high 3D 
resolution tracker. Nuclear emulsions have the required spatial resolution 
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(less then 1 /im). A good hadron spectrometer for additional kinematical 
analysis and a calorimeter to measure the hadronic shower produced in the 
interaction are also needed. A muon spectrometer in the down-stream part 
of the apparatus will allow us to tag charged and neutral-current interac- 
tions. It could also be useful to analyse the exclusive semi-leptonic decay 
channel. 

Once the charmed particles have been tagged, the Z' effect would show 
up as an excess/defect of double charmed events in neutral-current interac- 
tions. If no excess/defect is found it will turn into a limit on the coupling 
parameters. 

The detection efficiencies have been calculated with the cuts defined in 
Table |l|. In particular we assume to detect tracks with angles less than 400 
mrad. Moreover, in the single prong decays we require the minimum kink 
angle to be 15 mrad. A minimum flight length cut of 10 [im. is also assumed 
to distinguish between primary and secondary vertices. 

Table 1: Reconstruction efficiencies in the emulsion target. Notice that the kink 
angle cut is only applied for single prong decays. 



Cuts 


es (%) 


EB (%) 


Angular cut (d < 0.4) 


87.3 ±0.3 


87.5 ±0.3 


Kink angle cut (> 15 mrad ) 


95.2 ±0.2 


95.0 ±0.2 


Flight length cut (> 10 /xm) 


95.2 ±0.2 


95.4 ±0.2 



The topology of the two samples of events is extremely similar so that 
the detection efficiencies are the same within the error, as shown in Table ||. 

In Table |2| we report the hadronization fractions as predicted by the 
event generator model. No dependency of the hadronization fractions on 
the Z' couplings has been observed in this model. 

In Figure |2| we see that for "large" Z' couplings, i.e. x and y > 20, we can 
get an enhancement of the associated charm production of about a factor 
seven. 

On the other hand, if we do not observe any excess/defect we can put a 
limit on the x and y parameters. As an example we report in Figure ^ the 
sensitivity plot at 90% C.L. for the x and y variables at Mz' = 500 GeV/c^. 
Different statistics of associated charm production events as well as different 
systematic errors are assumed. In Table ^ we report the summary of the 
four different scenarios considered in Figure |^. Each scenario corresponds 
to a given number of associated charm events, Ncc, namely 10, 50, 100 and 
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Table 2: The hadronization fractions are reported for associated charm production 
events induced by 50 GeV I'f^. The error is only statistical. 



/(%) 


D+ 




Dt 




D- 


5.3 ±0.2 


7.5 ±0.3 


0.09 ±0.03 


14.8 ±0.4 




11.6 ±0.3 


15.5 ±0.4 


0.32 ±0.06 


27.2 ±0.5 


D- 


2.2 ±0.2 


2.7 ±0.2 


0.10 ±0.03 


6.2 ±0.2 


K 


1.2± 0.1 


2.3 ±0.2 


0.04 ±0.02 


2.8 ±0.2 



500. For the sake of simplicity we also report the corresponding number of 
charged current neutrino interactions, A'^^. For each scenario the systematic 
error has been ranged from 1% to 50%. 

The allowed region of parameters is obtained from the formula 

a sq a , , 

1-1.64 < — T< 1 + 1.64 14 

Ncc - SB - Nc-c ^ ' 

where a is defined as 

= (4at + ^%s) (15) 

and includes the error on the event counting from both a statistical and sys- 
tematics source. The factor 1.64 takes into account the required confidence 
level. Therefore in Figure |3| for each plot the two lines bound the region of 
coupling parameters where no significant excess / defect of associated charm 
production events is found. In other words, an observation of a number of 
charm pair events in agreement with SM predictions excludes the regions 
outside the band. 

As expected, in the Scenario A the statistical fluctuation is dominant 
with respect to the systematic error so that the bounds are rather large and 
systematics-independent. On the contrary, for a large statistic experiment 
as predicted in Scenario D the systematic uncertainties would play a crucial 
role: the smaller the systematic error is, the narrower the allowed parameters 
band becomes. 

6 Measurement accuracy with present and future 
experiments statistics 

Among the neutrino experiments which are currently taking or analysing 
data, CH0RUS[16|, which uses nuclear emulsions as a target, has an ade- 
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Scenario A 



Scenario B 




Scenario C Scenario D 




-30 30 -30 30 -30 30 -30 30 




Figure 3: The sensitivity plots for the x and y variables at Mz' = 500 GeV/c^ 
are shown in the four different scenarios described in the text, e indicates the 
systematic error. 
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Table 3: Summary of the statistics used for the different scenarios shown in Fig- 
ure ^. The set of systematical errors used is also shown. 



Scenario 








A 


1 X 10^ 


10 


1,5,10,50 


B 


5 X 10^ 


50 


1,5,10,50 


C 


1 X lO'* 


100 


1,5,10,50 


D 


5 X lO'* 


500 


1,5,10,50 



quale spatial resolution to search for associated charm production induced 
by muon neutrinos. Starting from a sample of approximately 500000 charged- 
current events, it is estimated that ~ 350000 events will be analysed in 
the emulsion|17]. Assuming a 50% efficiency to detect the charmed pair, a 
statistic of about 20 events can be expected. Consequently, the CHORUS 
experiment can explore the x and y parameter region similar to the one 
shown in the Scenario A of Figure ^. 

A search with higher sensitivity could be performed exposing a dedicated 
detector, whose feasibility study has not yet been worked out, at the future 
neutrino beams from muon storage rings [ 18 1. Such beams could provide 
O(10^)f|j charged-current events/year in a 10 kg fiducial mass detector, 1 
km away from the neutrino source. With this statistic the sensitivity reached 
by Scenarios C and D could be exploited. 

It is worthwhile observing that a high sensitivity search for Z', produced 
e.g. via the processes gg ^ qq ^ Z' , will be performed at LHC experiments 
(see for instance [19|) few years before neutrino factories will be operational. 
Nevertheless, a negative result of such an analysis would not decrease the 
interest of a high sensitivity search for cc production in neutrino interac- 
tions. An exotic Z' with stronger coupling to the I3 = 1/2 component of 
weak isospin doublets could still give measurable effects at neutrino facto- 
ries, unlike LHC experiments which are only sensitive to the Z' coupling to 
charged leptons (Is = —1/2). 



7 Conclusions 

We have presented a search for an extra neutral boson, Z', by studying the 
associated charm production in neutral-current neutrino interactions. The 
peculiarity of this process is that it involves only second generation fermions. 
Therefore, it allows the testing of the SM family universality through the 
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measurement of Z' couplings with the second family, a sector where so far 
there are no experimental limits. We have also shown that, with existing 
data, for the first time it is possible to constrain the Z' couplings to the 
second generation. 
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